Abstract This study is an effort to trace the spatiotemporal variation in water at Narmada estuarine region through solute concentration. A total of 72 water samples were collected and analyzed from three sampling points along with in situ measurement of tidal height at monthly basis for 2 years. Result shows that spatiotemporal variation of water quality occurs because of the following main mechanisms, i.e., carbonate weathering, dilution and seawater-freshwater mixing. Firstly, points situated toward inland showing the simple dilution effect on receiving high amount of monsoonal precipitation. Secondly, tidal fluctuation pattern has a strong influence on the water quality taken from the point located in near proximity to the coast. Finally, it can be concluded that water quality shows a different response, in accordance with the different tidal phase and the distance from the sea.
Introduction
Coastal zones, especially low-lying deltaic areas (within 60 km of the shoreline) accommodate about 50 % of the world population, so it is very important to know hydrological processes at coastal aquifers. Estuaries are important coastal ecosystems which occur where there is a confluence of fresh and marine environments and create a salinity gradient from the inner to outer estuary (Prandle 2009 ). Cameron and Pritchard (1963) defined an estuary as a semi-enclosed coastal body of water which has free connection with the open sea and within which seawater is measurably diluted with freshwater derived from land drainage. Fairbridge (1980) defined it as an inlet of the sea reaching into a river valley as far as the upper limit of tidal rise, normally being divided into three sections: the upper estuary, dominated by freshwater; the middle estuary, an area dominated by brackish water deriving from a seawater and freshwater mixing; the lower estuary, maintaining free connection with the sea, composed by marine water. Estuaries have been called the ''nurseries of the sea'' because the protected environment and abundant food provide an ideal location for organisms to inhabit and reproduce (De Souza 1983) . Estuaries form vital habitats for thousands of marine species and are important for the health of the oceans because they filter sediment and pollutants from the water before it flows into the oceans. Excess nutrients are removed in bordering salt marshes, resulting in cleaner water for people and marine organisms.
Different mixing states can exist in an estuary at any moment over space and at different times at the same place. The mixing is neither uniform nor steady. It is non-uniform because the ratio of salt to freshwater increases as the estuary grows in cross-section seaward. The mixing is unsteady, because of variations in the height and strength of the tide, especially on semidiurnal, diurnal and springneap scales and because of seasonal and storm-related changes in river discharge. For these reasons, estuaries can be classified into three main types, depending on the mixing type: salt wedged, partially mixed and well mixed (Chen and Sanford 2009) (Fig. 1) .
The concentration of dissolved constituents in estuaries is far more variable than oceanic waters, varying both temporally (daily, seasonally and inter-annually) and spatially (with increasing distance from the mouth), with depth and laterally. The nutrient chemistry of an estuarine ecosystem is complex and dynamic due to anthropogenic perturbations and reactions in the tidally mixed zone of strong redox gradients (Wen et al. 2008) .
Mechanism of seawater-freshwater mixing has been extensively studied through array of environmental isotopes and chemical tracers (Jorgensen et al. 2008; Langman and Ellis 2010; Kumar et al. 2013) . Interaction between tidal water fluctuation and coastal groundwater quality is important to understand the different aspects of beach stability, seawater intrusion and beach ecosystem (Grant 1948; Harbison 1986; Li et al. 1997) . Turner (1993) stated that existence of capillary fringe above water table in coastal aquifer helps for inland propagation of tidal waves. Different studies have proved that tidal fluctuation has significant impact on both surface water and ground water qualities in coastal areas (Abdullah et al. 1997; Kumar et al. 2012) . Recently, many studies have also focused on estuarine environment to understand the problem of nutrient mobilization related to salt water intrusion (Eagling et al. 2012; Wong et al. 2013) . Salt water intrusion at estuarine region is being affected by various meteorological parameters, viz. precipitation and wind intensity (Manca et al. 2014) . These studies also broaden the knowledge base of scientific community about the importance of studying tidal affinity with groundwater-surface water interaction. As seen from the above-cited review work, despite a lot of importance, very few attempts have been taken to understand spatiotemporal variation of water quality at estuarine region. Considering the above facts, this work was intended to elucidate spatiotemporal variation of surface water quality with special reference to SW-FW mixing pattern in the dynamic estuarine system of Narmada, Gujarat. 
Study area
Narmada estuarine region, which consists of a major part of Gulf of Khambhat, is located between 21°20 0 -22°00 0 N latitude and 72°30 0 -73°20 0 E longitude, in Gujarat state, India (Fig. 2) . The funnel-shaped 72-km-long estuarine occupies an area of 6,346 km 2 . The height of the channel above mean sea level in the region at shallow (mouth of the estuary) and deep (toward head of the estuary) points varying between 5 and 20 m, respectively (Fig. 3) . Relief gradient of the region when approaching from coastal region toward inland can also be found from the elevation map of the Narmada estuarine area (i.e., Fig. 3 ). Land use/ land cover (LU/LC) map of the study area is shown in Fig. 4 . It is found that whole area is being divided into seven major categories, viz. wetland, buildup, agricultural land, current fallow land, scrub land, plantation and flood plain zone. Geologically upstream basin area of Narmada River flow composed of basaltic terrains of the Deccan Traps while that at downstream area is alluvial deposits composed of carbonaceous sandstone before entering the Gulf of Cambay. The southwest monsoon brings rainfall, and about 70 % of the rainfall occurs during the period from June to September. The relative humidity of the region ranges between 65 and 85 %. The seasonal temperature variation in the area ranges from 10 to 44°C during the winter and summer, respectively. The estuarine environment is characterized by low and patchy primary production. Macrobenthic population is sparse with low biomass, poor fishery production and mangroves in discontinuous patches (ICMAM 2002) .
Channel flow from this estuarine carries heavy load of suspended sediments into the Gulf of Khambhat. High tidal influence and nearly flat coastal terrain result in submergence of large areas during flood tide and lead to vast mudflats particularly along the eastern shore and some of these areas also sustain mangrove habitats.
Methodology
Three sampling sites (Ambata, Bhadbuth and Zadeshwar which are herein after referred as N1, N2 and N3, respectively) were selected in such a way that they represent different geological formations, land use patterns and seawater-freshwater interaction at varying topography of the Narmada estuarine region as shown in Fig. 4 . These sampling sites are 20 km apart starting from coastal site and covering up to 40 km inland region. One water sample was collected on the 15th day of every month for 2 years, from each representative sampling location. So a total of 24 surface water samples were collected from each site in the time span of 2 years ranging from July 2008 to June 2010. Tidal and precipitation data for this 2-year time span are being recorded from tide gauge and rain gauge located at Dediapada and Karjan, respectively.
In situ measurements for EC, pH and temperature were conducted using an Orion Model Number, 01915. After in situ analysis, water samples were filtered by 0.20-lm Millipore filter paper and then collected in pre-rinsed clean polyethylene bottles, followed by storage at 4°C to minimize chemical alterations. were analyzed by DIONEX ICS-90 ion chromatograph with an error percentage of \2 % using duplicates. Major cations and trace elements were determined with inductively coupled plasma mass spectrometry with a precision of \1 % using duplicates. High-purity reagents (Merck) and milli-Q water (Model Milli-Q, Biocel) were used for all the analysis. For major ions, analytical precision was checked by normalized inorganic charge balance (Kumar et al. 2010; Appelo and Postma 2005) . This is defined as
and represents the fractional difference between total cations and anions. In general, samples showed a charge imbalance mainly in favor of positive charge. The observed charge balance supports the quality of the data points, which is better than ±5 %. Presentation of geochemical data in the form of Piper diagram which is helpful to recognize and differentiate various water facies is drawn using the AqQA software (RockWare) (Avtar et al. 2013) .
Results and discussion
A statistical summary of the analytical results (average, minimum and maximum) for water quality characteristic As estuarine zones are confluence of fresh and saline water system, sharp gradation of water quality while approaching toward coast from inland gives an idea about and 7 for samples N1, N2 and N3, respectively). Majority of the water samples fall in the category of water type of Na-Cl (for point N1), Na-HCO 3 , Na-Cl and Ca-Cl (for point N2) while it was Ca-HCO 3 and Na-HCO 3 in case of point N3. Other minor water type found in case of these samples is Mg-HCO 3 . These temporal transformations in the water quality/type might take place because of the factors/processes such as seasonal precipitation amount (as Indian subcontinent climate is monsoon driven), tidal height, groundwater-seawater mixing pattern. In order to examine the geochemical processes governing the water quality in detail, following further analysis was done.
Relationship between tidal level fluctuation, rainfall and seasonal variation of water quality
Since water sampling is being done at 15th day of every month for 2 years, it is found that few month of the sampling period encountered spring tide situation, while at some times, it faces neap tide situation as seen from tidal height. In case of all three water sample points, seasonal variation is very obvious as already being seen from the Piper diagram for the representative samples. Further, monthly fluctuation of major ions was compared with tidal fluctuation and monthly average rainfall pattern in that area (Figs. 8, 9 and 10 for Na, Cl and HCO 3, respectively). Here, Na and Cl are being considered as the conservative elements for coastal region. On the contrary, HCO 3 is considered as conservative property for freshwater system.
From above three graphs, it is found that in case of the sample N1, water quality does not show significant variation with rainfall or tidal height except at two points of times which correspond to high tide situations. At this point of time, concentration of Na and Cl increases, whereas concentration of HCO 3 decreases. Here, it can be suggested that tidal height or localized seawater-freshwater mixing has significant impact on water quality because of its position at close proximity from the coast (*150 m from the coast). In other words, during high tide situation, freshwater components decrease or saline water components increase. In case of sample N2 and N3, it is found that water quality characteristics show consistent periodic fluctuation. Every year from July to September, concentrations of Na and Cl decrease, while those of HCO 3 increase. Role of tidal fluctuation for temporal variation of water chemistry here does not look rational as the distance of these sampling points is too far from coast to have a tidal fluctuation effect. On the other hand, significant relation is observed between rainfall pattern and temporal variation in hydrochemistry. Since this area is receiving about 60-70 % of the total rainfall during monsoon period (i.e., from June to September), which results in the dilution of many parameters such as Na and Cl as observed from the Figs. 8, 9 and 10. In parallel, because of the high amount of precipitation, the rate of carbonate weathering is accelerated in the alluvial flood plain region, causing increase in the concentration of HCO 3 in the water samples. Here, chloride concentrations for seawater and Narmada River water (near the river recharge site, i.e., head) were considered as two end members. Result for SW-FW mixing percentage at each sampling location and its relation with tidal height is shown in Fig. 11 . From here, it is found that water quality has gradual and significant mixing impact as going toward the sea side; since the value of SW-FW mixing ratio is in the order of N1 [ N2 [ N3. Also when the effect of tidal height fluctuation on the ratio of SW-FW mixing ratio is compared, it is observed that for point N1, water quality is affected at its highest level because of close proximity to the sea coast. On the other hand, effect of tidal height on the SW-FW mixing at the other two locations is insignificant. Finally, it can be said that during spring tide situation, sea level rises enhance SW-FW mixing process and determine salinity level of water quality in closer proximity.
Possible mechanism for the role of tidal fluctuation in temporal variation of surface water quality at estuarine region is shown by simple conceptual diagram (Fig. 12) . Here, it is shown that for sampling location situated near to the coast (within few hundred meters from the coast), high tide situation results into increased rate of SW-FW mixing which ultimately lead to change in water quality. On the other hand, for sampling points located far from the coast, tidal height does not play a significant role in temporal variation of water chemistry. So, other factors such as dilution effect and rock-water interaction play a role in temporal changing water quality.
Conclusion
For Narmada estuarine region, general water chemistry is characterized by different ionic trend at different location. Firstly, points situated in the inner part of the estuary show the dilution effect as a result of a high amount of monsoonal precipitation. Secondly, tidal fluctuation pattern has a strong influence on the water quality only for the point located in near proximity to the coast. Magnitude of this effect diminishes as moving landward from the coast.
Though differences in magnitude of many chemical parameters caused by these processes are not high, the process is significantly to be pointed out. This work represents the first attempt to describe this kind of processes at the Narmada estuary, and the information revealed here can be considered important to understand the relationships between groundwater and river dynamics in this area.
